Lenalidomide has demonstrated impressive antileukaemic effects in patients with chronic lymphocytic leukaemia (CLL). The mechanism(s) by which it mediates these effects remain unclear. Clinically, CLL patients treated with lenalidomide demonstrate an acute inflammatory reaction, the tumour flare reaction that is suggestive of an immune activation phenomenon. Samples from CLL patients treated with lenalidomide were used to evaluate its effect on the tumour cell and components of its microenvironment (immune cellular and cytokine). Lenalidomide was unable to directly induce apoptosis in CLL cells in vitro, however it modulated costimulatory (CD80, CD83, CD86) surface molecules on CLL cells in vitro and in vivo.
B-chronic lymphocytic leukaemia (B-CLL) is an incurable malignant lymphoproliferative disease of mature-appearing B lymphocytes. It is a heterogeneous disease, with clinical presentation that ranges from an indolent phase (Rai stage 0 or 1) to advance stage disease (Rai stage 3 or 4) . The indolent phase often does not manifest any symptoms and therefore requires no therapeutic intervention. These patients often have prolonged or near normal survival (median ≥12 years). On the other hand, patients with advance stage disease are usually symptomatic with progressive disease and compromised survival (median 3 years) (Grever et al, 1988; Keating et al, 1998) . In patients with advance stage disease primary therapy usually includes chemotherapy, such as fludarabine (Johnson et al, 1996; Rai et al, 2000; Leporrier et al, 2001) , chlorambucil or bendamustine. These are often combined with an anti-CD20 monoclonal antibody (rituximab) resulting in enhanced complete and overall response rates (Byrd et al, 2003) . All patients eventually relapse and develop resistance to therapy. For patients who relapse after fludarabine-based therapies the US Federal Drug Administration approved treatment is alemtuzumab (a monoclonal antibody against CD52) (Keating et al, 2002) . This results in an overall response rate (complete and partial remission) of 33% with only 2% of the patients achieving a complete response (CR) (Keating et al, 2002) . These rather dismal clinical outcomes underscore the need to identify new therapeutic targets and new therapeutics in B-CLL. In this regard, it is important to note that all the standard therapeutic approaches have the same basic strategy of directly targeting the tumour cell itself. However, novel strategies are suggested from our developing understanding of B-CLL biology.
It is increasingly clear that the tumour microenvironment plays a critical role in B-CLL growth, survival and resistance to therapy. As the tumour cells are B cells, which normally interact with other immune cells, the immune system is a component of the microenvironment that may potentially mediate both anti-tumour immune responses as well as providing pro-survival support to the leukaemic B cells (and tipped in favour of the latter in leukaemic patients). Cytokines and growth factors directly regulate proliferation, differentiation and death of normal B-lymphocytes, and abnormal cytokine networks clearly exist within the B-CLL microenvironment (Hoffbrand et al, 1993; Reittie et al, 1996; Kay et al, 2002; Orsini & Fao, 2005) . Interaction with stroma and the inherent ability of B-CLL cells to secrete pro-survival cytokines (vascular endothelial growth factor [VEGF], tumour necrosis factor-α [TNF-α] and interleukin [IL]-6, which can be detected at high levels in patient serum), and expression of corresponding receptors on B-CLL cells results in the formation of a paracrine/autocrine growth promoting loop (Hoffbrand et al, 1993; Zaninoni et al, 2003; Orsini & Fao, 2005) .
In addition to direct effects on the B-CLL cell, abnormal expression of cytokines also modulates T-cell dysfunction in patients, which in turn can support B-CLL survival (Kiaii et al, 2005) . For example, CD4 + T cells from leukaemic patients support the survival of B-CLL cells, indicating that non-malignant immune cells are an important component of the microenvironment (Mellstedt & Choudhury, 2006) . In fact, B-CLL patients express both quantitative and functional T-cell abnormalities (Johnston & Kay, 2004) , and these abnormalities appear to be induced by the B-CLL cell itself through contact-dependent interactions (Gorgun et al, 2005) . Consistent with this, B-CLL cells downregulate expression of the CD80 (B7-1) and CD86 (B7-2) costimulatory ligands, which may blunt antitumour T cell activation and possibly induce anergy (Cantwell et al, 1997; Dorfman et al, 1997) . Similarly, NK cell dysfunction has been reported in B-CLL patients, including impaired release of cytolytic molecules (Kay & Zarling, 1984; Burton et al, 1989) . However, in vitro phytohaemagglutinin stimulation of NK cells from B-CLL patients results in increased TNF-α production, suggesting a partial or reversible functional impairment (Ziegler et al, 1981; Katrinakis et al, 1996) .
Thus, elements of the malignant microenvironment may represent important therapeutic targets in B-CLL. However, as the appreciation for the key role of the B-CLL microenvironment is relatively recent, therapeutic strategies to specifically target this microenvironment have been largely unexplored.
Immnunomodulatory drugs (IMiDs) are a new class of antineoplastic agents that include thalidomide and its analog lenalidomide (Singhal et al, 1999; Richardson et al, 2002; List et al, 2005) . Although the exact mechanism of antitumour activity remain undefined, these drugs have been shown to modulate the tumour cell microenvironment through downregulation of critical prosurvival cytokines (including IL-6, TNF-α, PDGF and VEGF) and activation of the immune effector cells (both T and NK cells) (Muller et al, 1999; Li et al, 2003; Anderson, 2005; Chang et al, 2006) . Our group has previously reported that IMiDantitumour activity in a xenogenic mouse model of lymphoma was associated with expansion of natural killer (NK) cells, and reversed with NK cell depletion (Hernandez-Ilizaliturri et al, 2005) . The ability of the IMiD compounds to modulate the tumour microenvironment (both cellular and cytokine) in experimental preclinical models led us to investigate their antileukaemic effects in clinical trials in B-CLL. We first reported the clinical activity of lenalidomide in patients with relapsed or refractory B-CLL . Significant clinical responses (including molecular complete remission) in heavily pretreated patients were observed despite high-risk features (Sher et al, 2010) . These responses were correlated with a tumour flare reaction (TFR) in patients treated with lenalidomide (Chanan-Khan et al, 2011) . TFR was manifested as swelling and redness of affected lymph, suggesting that lenalidomide modulates the immune system and inflammation in a profound way. Patients demonstrating TFR were managed by administration of non-steroidal anti-inflammatory drugs. Furthermore, use of steroids in a subset of patients decreased the intensity of the flare . Effective management of TFR with anti-inflammatory agents or steroids supports the idea that lenalidomide therapy in B-CLL patients induces robust inflammation.
The exact mechanism of action of lenalidomide in B-CLL remains unclear, but the association between TFR and clinical response suggests host inflammatory/immune responses are centrally involved. To more clearly define this we have characterized immunological parameters in patients with B-CLL treated with lenalidomide.
Patients and methods

Subjects
All patients treated with lenalidomide on a Phase II clinical trial were eligible to participate in this correlative study. The clinical trial was approved by the Institutional Review Board and all patients gave written informed consent. Detailed eligibility criteria is described previously , importantly, all patients must have a confirmed diagnosis of B-CLL and have received at least one prior therapy for their disease.
Correlative study design
Peripheral blood samples were obtained from all consenting patients. Samples were obtained at baseline and then after 7 d of treatment with lenalidomide. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Hypaque method and an aliquot was cryopreserved for storage. After thawing, PBMCs were cultured in Aim V media (Invitrogen, Carlsbad, CA, USA) and allowed to recover for 1 day prior to analysis or in vitro treatment. The following studies were performed.
Apoptosis and viability-Apoptosis and Viability was analyzed on previously cryopreserved samples after in vitro treatment with various concentrations of lenalidomide 5-100 mm. Only the 100 mm concentration is shown. At various times after lenalidomide treatment (24, 48 or 72 h), cells were harvested and analyzed using reagents from Biosource (Camarillo, CA, USA) according to manufacturers recommendations.
Western blotting-Alterations in Bcl-2 family proteins and phospho-ERK were detected by Western blotting after PBMCs were lysed in 20 mmol/l Tris pH 7·5, 120 mmol/l NaCl, 100 mmol/l NaF, 0·5% Nonidet P40 containing freshly added 0·2 mmol/l sodium orthovanadate, 50 mmol/l beta-glycerolphosphate, 10 mmol/l sodium pyrophosphate, 4 mmol/l phenylmethylsulfonyl fluoride, 2 mmol/l Benzamidine and 10 μg/ml each of leupeptin and aprotonin. Equivalent amounts of protein were loaded in each well as determined by Bradford protein assay (BioRad, Hercules, CA, USA). Antibodies used to detect each protein are as follows: Bcl-2, Bcl-xL, Mcl-1 and pERK from Santa Cruz Biotechnology (Santa Cruz, CA, USA), total ERK from Cell Signaling Technologies, Danver, MA (p44/p42 MAP kinase antibody (#9102) and beta actin from Sigma (St. Louis, MO, USA).
Immune effector cell profile-Peripheral blood was obtained at baseline and then after 7 d of treatment with lenalidomide. Patient samples were analyzed immediately upon harvesting for T, NK and B cell repertoire using flow cytometry with the following antibody panels (BD Biosciences, San Jose, CA, USA) CD3/CD8/CD45 panel (CD8+ T lymphocytes), CD3/CD4/CD45 (CD4+ T lymphocytes), CD16/CD56/CD45 (NK cells) and CD19/CD45 (B lymphocytes). All antibodies were titred and used at saturating concentrations.
Expression of co-stimulatory molecules-Costimulatory molecule expression was determined by flow cytometry. PBMCs obtained from patients were treated in vitro with lenalidomide (50, 100, 200 μmol/l) or vehicle control (dimethyl sulfoxide, DMSO) for 24 and 96 h, and stained for the B cell activation marker CD83 and the costimulatory molecules CD40, CD80 and CD86 using the following panels CD19/HLA-DR/CD40/CD83, CD19/ CD80/CD86. To confirm the effect of lenalidomide on expression of costimulatory molecules in vivo, PBMCs were obtained at baseline and then after 7 d of treatment with lenalidomide. Expression of activation marker (CD83) and costimulatory molecules was analyzed on CD19 + gated lymphocytes.
Plasma cytokine profile-Plasma for cytokine and growth factor analysis was separated from whole blood collected in Na EDTA and stored frozen at −80°C until analysis by a Luminex soluble bead array (Luminex Corp., Austin, TX, USA). Capture and detection antibody pairs directed against different noncompeting epitopes of their respective cytokine and recombinant protein standards for human FLT-3, IL-1β, IL-4, IL-5, IL-8, IL-10, IL12p70, IP10, MCP1, MIG, MIP1α, MIP1β, PDGF, SCF, TGF-β, TNF-α, and VEGF were purchased from Invitrogen and used according to the manufacturers instructions. Briefly, samples and standards were diluted in sample buffer and added to wells containing beads coated with capture antibody; samples for TGF-β were first pretreated with 1 mol/l HCl for 10 min and then neutralized with 1·2 mol/l NaOH to extract free TGF-β from latent complexes. The plates were incubated at ambient temperature on a rocker, washed and then incubated with biotinylated detection antibodies to each cytokine. After a second wash, the phycoerythrin-conjugated streptavidin was added to each well and the plates were incubated and washed before acquisition on a Luminex 100. Blank values were subtracted from all readings. Using BeadView Software (Millipore, Billerica, MA, USA) a log regression curve was calculated using the bead mean fluorescence intensity (MFI) values versus concentration of recombinant protein standard. Points deviating from the best-fit line, i.e. below detection limits or above saturation, were excluded from the curve. Sample cytokine concentrations were calculated from their beads MFIs by interpolating the resulting best-fit line.
Statistical analyses of cytokine levels
Cytokines with measurements below the limit of detection were treated as left censored. Differences in pre-and post-measurements below a limit of detection were treated as interval censored. Log-normal regression models with left censoring were fit for pre-and post-biomarker measurements. Normal regression models with interval censoring were fit for differences (post -pre) in biomarker measurements. Model parameters were estimated separately for stable disease (SD) patients and for complete remission/partial remission (CR/ PR) to obtain fitted densities. These fitted densities were used to estimate the probability that a SD patient had a higher cytokine level than a CR/PR patient. Tests for differences in cytokine distributions were done using a likelihood ratio test, comparing full versus reduced models.
Results
Effects of Lenalidomide on B-CLL cells
Lenalidomide treatment in vitro does not kill B-CLL cells-We have previously
shown lenalidomide has a potent in vivo anti-leukaemic effect in patients with refractory and relapsed B-CLL manifesting clinically in an overall response rate of 58% . The antileukaemic effect of lenalidomide in patients could be seen as early as 7 d of therapy ( Fig 1A) . To assess how lenalidomide might mediate its anti-CLL effect, we first determined whether lenalidomide was directly cytotoxic to B-CLL cells in vitro. PBMCs from seven different patients containing >90% B-CLL cells (CD19 + /CD5 + ) were treated with up to 100 μmol/l of lenalidomide. Lenalidomide did not induce apoptosis (annexin V staining) compared to vehicle control at any time point (24, 48 144 h) measured for each patient ( Fig 1B) . In contrast, fludarabine and cyclophosphamide induced a significant level of apoptosis in the same cell population (positive control).
Furthermore, lenalidomide did not affect the apoptotic threshold of B-CLL cells as the expression of the anti-apoptotic proteins Bcl-2 and Bcl-x L were not altered by treatment ( Fig  1C) . These findings suggest that, unlike traditional chemotherapy, lenalidomide's mechanism of action in B-CLL is not via direct killing of the leukaemic cells.
Lenalidomide alters B-CLL phenotype through upregulation of costimulatory ligand expression-Lenalidomide treatment in B-CLL patients leads to a striking 'TFR' observed as an acute inflammation in disease involved lymph nodes (and other areas). In our observation the intensity of the TFR correlated with clinical response (Chanan-Khan et al, 2011). However, the TFR has not been reported in multiple myeloma (another B-cell cancer) patients. This suggested that lenalidomide specifically alters the B-CLL tumour cell phenotype and enhances its immunogenic potential. Thus we investigated lenalidomideinduced changes in expression of costimulatory molecules on B-CLL cells in vitro and in vivo. PBMCs obtained from B-CLL patients were treated in vitro with lenalidomide and stained for the B cell activation marker CD83 and the costimulatory ligands CD40, CD80 and CD86. In vitro treatment with lenalidomide resulted in upregulation of CD80, CD86 and CD40 and the B-cell activation marker CD83, but not HLA-DR (Table I) . To assess if this also occurred in vivo, PBMCs were analyzed from patients prior to and after therapy with lenalidomide. Consistent with our in vitro observation, lenalidomide treatment of B-CLL patients resulted in upregulation of CD83 as well as the costimulatory ligands CD40, CD80 and CD86 (Table II , Fig 2A) . Intriguingly, the two patients (Patients 27 and 30) with in vivo upregulation of costimulatory molecules showed clinical response to lenalidomide therapy versus no response in the third patient (Patient 25) in whom no change in costimulatory molecules was observed (see Fig 2B) .
Lenalidomide induces MAPK signalling in B-CLL cells-Costimulation pathways
involve MAPK/ERK signalling. Therefore, we examined this pathway in B-CLL cells treated in vitro with lenalidomide. In vitro treatment for 24 h triggered MAPK/ERK signalling as measured by increased p-ERK in B-CLL cells (Fig 3A) . p-ERK was reduced in PBMCs from patients after 7 d of lenalidomide therapy in vivo,. This is probably because fewer tumour cells were present after lenalidomide therapy ( Fig 3B) . Together these data demonstrate that lenalidomide modulates expression of costimulatory molecules and induces p-ERK signalling in vitro.
Lenalidomide modulates the host cytokine profile-The ability of lenalidomide to upregulate co-stimulatory molecules suggested that lenalidomide might alter immune cell interactions, thereby influencing the cytokine as well as cellular microenvironment. Consistent with this idea, lenalidomide has been reported to modulate cytokine production and T and NK cell activation (Wu et al, 2008; ). Further support for this idea comes from the tumour flare (Chanan-Khan et al, 2011) associated with lenalidomide therapy in B-CLL, which strongly suggests inflammation and cytokine alterations. We first examined the effect of lenalidomide treatment in patients on a panel of cytokines, comparing patient samples before (day 0) and after (day 7) treatment by Luminex bead assay. To determine if patient outcome correlated with alteration in a particular cytokine, patients were first grouped under the clinical classification of stable disease/progressive disease (SD/PD) or partial remission/complete remission (PR/CR). We then asked if baseline levels (day 0) of the cytokines could differentiate between or predict SD versus PR/CR. For each cytokine measured at each time point (day 0 vs. day 7), the distribution or fitted density for each group was plotted as a function of cytokine measurement (Fig 4) .
Lenalidomide modulates natural killer cells-
The preceding results as well as the rapid and robust clinical TFR/tumour destruction induced by lenalidomide treatment suggests involvement of the immune system, specifically anti-tumour cellular immunity. Consistent with this, lenalidomide has been reported in vitro to modulate activation and proliferation of T and NK cells (Chang et al, 2006) . The rapidity of the TFR (hours) suggests that at least the initial component of this response is mediated by effectors that are non-antigen specific, while the later aspects of the flare (which has a median duration of 14 d) may involve antigen-specific immune effector responses. Given that activated NK cells are known to be capable of robust anti-tumour responses (Pattengale et al, 1982; Belldegrun et al, 1988) , we investigated if lenalidomide treatment affected the number of NK cells.
Peripheral blood samples at baseline and 7 d post-treatment were obtained from 10 patients. Increases in the NK cell population ( Fig 5A) were seen in six patients, ranging from 20 to 199% increase in the absolute number of activated NK (CD16 + /CD56 + /CD45 + ) cells. Interestingly, clinical response to lenalidomide correlated with absolute number of pretreatment NK cells. Among the patients who demonstrated a clinical response (PR or CR) all but one had a normal or high baseline NK cell level in the peripheral blood ( Fig 5B) . Moreover, higher than normal baseline NK cell levels were noted in four of the 5 (80%) patients who achieved CR ( Fig 5B) .
Lenalidomide-induced expansion of NK cell numbers suggested that B-CLL cells were being induced to upregulate ligands that activate NK cells. MIC-A and MIC-B are the most well characterized activating ligands of NK cells. Therefore, we investigated whether MIC-A or MIC-B was upregulated on B-CLL cells by lenalidomide treatment of PBMCs in vitro. Fig 6A, B -CLL cells from three of the four patients (Patients 25, 47 and 54) did not express detectable MIC-A/B levels on the surface of their B-CLL cells at day 0 (filled histograms) and in vitro treatment of PBMCs with lenalidomide (open histograms) did not induce MIC-A/B levels in these patients (Patients 47, 54) . One patient showed undetectable MIC-A/B staining at baseline, and lenalidomide induced MIC-A/B expression modestly (Patient 25). Finally, Patient 32 showed high levels of MIC-A/B expression at baseline, which was not appreciably altered by lenalidomide treatment in vitro. Similar results were obtained with a MIC-A specific antibody that does not recognize MIC-B (data not shown). KLRG1 staining was used as a control and showed subtle downregulation with in vitro lenalidomide treatment. These findings suggest that induction of MIC A/B expression on B-CLL cells by lenalidomide is not a major cause of the NK expansion seen in patients.
As seen in
However, given this prominent expansion of NK cells, we next asked whether different baseline levels of MIC-A or MIC-A/B on B-CLL cells predicts patient response to lenalidomide therapy. Therefore, we compared the clinical response (as measured by absolute lymphocyte count) in these four patients (Fig 6B) . Patient 32 had elevated MIC-A/ B expression on day 0 and responded well to therapy, while two of the patients (Patients 47, 54) with undetectable MIC-A/B showed a poor or delayed response. Lastly, Patient 25, who showed a modest induction of MIC-A/B after in vitro lenalidomide treatment, also manifested a dramatic decrease in leukaemic counts (CD19 + ). Together these data suggest that high baseline levels of MIC-A and/or MIC-B on B-CLL cells and high NK cell numbers (and/or their expansion) may promote tumour clearance upon lenalidomide therapy.
Discussion
Treatment of B-CLL patients with lenalidomide resulted in significant antileukaemic effects Ferrajoli et al, 2008; Chen et al, 2010) . Interestingly, lenalidomide induced a TFR suggestive of an immune-mediated inflammation (Andritsos et al, 2008; Chanan-Khan et al, 2011) . This reaction has now been reported in other B-cell cancers, such as mantle cell lymphoma (Eve & Rule, 2010) and Hodgkin lymphoma (Corazzelli et al, 2010) . Utilizing clinical samples from our previously reported clinical trial we conducted correlative studies to investigate the immunologic effects of lenalidomide in patients with B-CLL. In the current study, we attempted to identify immunological parameters affected by lenalidomide therapy in vivo.
Our in vitro findings indicate that the in vivo antileukaemic activity of lenalidomide is not likely to be due to direct cytotoxicy on B-CLL cells . We did not detect induction of B-CLL apoptosis after in vitro treatment with lenalidomide. This observation was also confirmed by Andritsos et al (2008) . However, in contrast to the lack of in vitro effect of lenalidomide on viability, we found that lenalidomide-induced expression of costimulatory ligands (CD86, CD80 and CD40) on B-CLL cells both in vitro and in vivo. Upregulation of these ligands are a critical step in engaging an immune response.
The rapid and robust immune response (first evidence of TFR was noted within 24 h) suggests a non-specific, antigenin-dependent effect. Another group had previously reported the importance of NK cells in mediating an anti-lymphoma effect with lenalidomide (Hernandez-Ilizaliturri et al, 2005) . Therefore we evaluated the role of NK cells in B-CLL patients treated with lenalidomide. We observed that the number of NK cells in patients' peripheral circulation appear to be increased by lenalidomide treatment, and pre-treatment levels of NK cells seem to correlate with CR/PR response to therapy. NK cells are known to have significant anti-tumour efficacy. Our data suggest that pretreatment NK cell numbers may be predictive for CR/PR response to lenalidomide therapy. Given that NK cells are activated by ligands, such as MIC-A and MIC-B on target cells, we also found that high baseline expression of MIC-A/B on B-CLL cells correlated with tumour clearance. Our findings suggest that lenalidomide may trigger NK cell recognition and killing of B-CLL cells. Consistent with this idea, a recent report suggests that in vitro treatment with lenalidomide improves NK killing of target cells (Wu et al, 2008) .
The prolonged duration of TFR suggests a T cell-dependent antigen-specific inflammatory reaction. Upregulation of the costimulatory ligand expression has the potential to promote T cell activation and subsequent cytokine production. The activation of T cells by lenalidomide and improvement of tumour kill by immune synapse formation has been demonstrated ). This is consistent with our observation that recruitment of the immune effector response is the target effect of lenalidomide treatment in B-CLL. The cascade of events that leads to this final response is perhaps initiated by as simple a phenomenon as the upregulation of immune activating costimulatory molecules on the surface of the tumour cells. This in turn mobilizes the NK and T-cells, resulting in immediate and persistent inflammatory response that culminates in long-term anti-tumour immunity.
Biochemical evidence of inflammatory/immune reaction was also evaluated. We observed increased TNFα levels in patients after lenalidomide therapy -consistent with induction of an inflammatory response. In contrast to the initial in vitro observations that lenalidomide inhibited TNFα production by lipopolysaccharide (LPS)-stimulated PBMCs, thus suggesting that, while lenalidomide may have direct suppressive effect on TNFα production in vitro, its effect on the cytokine profile in vivo reflects an immune activation response. We further observed that characterization of these in vivo changes in the cytokine profile could be predictive of clinical response. Thus, IL-8, MIG, IP-10 and IL-4 were more likely to be higher in patients achieving a major clinical response such as CR or PR compared to those patients who had no response or achieved SD after lenalidomide therapy, while IL-5, MIP1a, MIP1b, IL12/p70 were more likely to be lower in patients with CR/PR compared to those achieving SD. These parameters will be important to follow and validate in larger studies as potential biomarkers of clinical response to lenalidomide in CLL patients.
To further evaluate if there is a singular focal event that triggers the immunological cascade mediated by lenalidomide, we studied various intracellular signalling pathways and noted induction of MAPK/ERK signalling by lenalidomide in the B-CLL cells. We observed that lenalidomide treatment diminished p-ERK signals at day 7 after treatment compared to day 0. Treatment with lenalidomide in vitro showed slight upregulation of pERK, suggesting that lenalidomide may affect pERK signalling differentially depending upon the complex signals (either in vitro or in vivo) that it may modulate. Lenalidomide is known to modulate signals from LPS stimulation of PBMCs, costimulatory signals in T cells and activation signals in NK cells. However, the implication of ERK in B-CLL cells has not been previously investigated. As ERK is central in many cellular growth and activation signals, the pleiotropic effect of lenalidomide may be explained by its effects on a central integrating signalling molecule such as ERK. Further studies will confirm the role of ERK in lenalidomide-induced TFR.
In summary, the rapid, robust and inflammatory nature of the TFR clearly suggests involvement of the immune system, which is acutely dependent on NK cell function and is then maintained by the rapid recruitment and proliferation of T cells. Our findings suggest that lenalidomide induces specific molecular events that can modify the surface ligand profile of leukaemic cells. This altered tumour cell immunophenotype then induces an acute immune reaction with activation and proliferation of NK cells and subsequent recruitment and proliferation of T cells. Activation of the immune effector cells, and alteration in the immune cytokine milieu disrupts the relationship with the host that supports B-CLL survival in vivo. Lenalidomide therapy is clinically effective, but does not induce apoptosis of primary B-CLL cells in vitro. (A) Antileukaemic effect [as measured by absolute lymphocyte count in peripheral blood mononuclear cells (PBMCs)] after each course of lenalidomide (Day 7, Day 21) compared to pre-therapy (Pre). (B,C) In vitro treatment of primary tumour cells obtained from B-CLL patients. PBMCs were treated with lenalidomide (Len, 100 μmol/l), vehicle control (Con) or cyclophosphamide and fludarabine (Pos). Apoptosis was measured after the indicated times by flow cytometric staining using annexin V and propidium iodide. (C) PBMCs were isolated from patients prior to therapy (0) or 7 d after therapy (7) and analysed for Bcl-2 family protein levels by Western blotting. In vivo and In vitro lenalidomide treatment are associated with upregulation of costimulatory molecules on B-CLL cells. PBMCs were isolated from three patients pre-and post-7 d treatment with lenalidomide and analysed by flow cytometry for CD19+ cells that express the indicated protein. One representative patient sample is shown (A). s The effect of lenalidomide on modulation of the costimulatory molecules was independent of the dose used. B-CLL cells (CD19 + ) from six patients were treated in vitro with 10μmol/l of lenalidomide for 48 h and surface expression of costimulatory molecules analyzed by flow cytometry (B). Lenalidomide modulates ERK signals. (A). PBMCs from Patients 25, 32, 47 and 54) were cultured in dimethyl sulfoxide (−) or 100 μmol/l lenalidomide (+) for 96 h in vitro and proteins were isolated for detection of phospho-ERK (pERK), total ERK (ERK) or actin by Western blot. (B) PBMCs from the same patients in A, either prior to therapy (0) or 7 d after therapy (7), were analysed without any in vitro stimulation for the indicated proteins. Lenalidomide therapy alters the cytokine microenvironment. Plasma cytokine levels were measured as described in the methods. Patients were categorized into Complete Remission/ Partial Remission (CR/PR) or stable disease (SD) according to clinical criteria. (A) Pretreatment distribution of cytokines that differed between CR/PR and SD patient groups. The cytokine measurements (pg/ml) for each population are plotted on the x-axis. (B) Distribution of post-treatment (day 8) cytokines that differed between CR/PR and SD patient groups. (C) Distribution of the change of cytokine levels (post-treatment (day 8) -pretreatment levels) of cytokines between CR/PR and SD/PD patient groups. Prob, estimated probability that the CR/PR cytokine value is lower than the SD/PD cytokine value; 1-Prob, estimated probability that a PR/CR cytokine value exceeds that of the SD/PD cytokine value. Lenalidomide therapy alters NK cells and clinical response correlates with baseline NK levels. (A). Activated NK cells (CD56 + /CD45 + ) were assessed after 7 d of treatment with lenalidomide in patients with B-CLL. Data is represented as the % change of absolute NK numbers compared to pretreatment. (B) Pretreatment levels of peripheral blood NK cells (CD16 + /CD56 + ) at baseline, and correlation with clinical responses (SD-stable disease, PRpartial remission, CR-complete remission). Br J Haematol. Author manuscript; available in PMC 2013 July 02.
Table II
Modulation of surface expression of costimulatory molecules on CLL cells after in vivo lenalidomide treatment. Br J Haematol. Author manuscript; available in PMC 2013 July 02.
